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Abstract 


Graphene has well demonstrated its unique properties and advantageous performances in lots of fields during the last 16 
years. However, its industrial applications are still impeded by inefficient mass fabrication of high-quality graphene because 
of the great challenge in deep yet non-destructive graphite exfoliation. Herein, we demonstrated a delocalized 
electrochemical exfoliation (DEE) technique to efficiently fabricate high-quality graphene. Importantly, chemically 
transmitting the electric potentials was firstly proposed to spatially extend the exfoliation capability of electric potentials 
and electrochemically exfoliate every graphite particle dispersed in the electrolyte. The resulting graphene possesses ultralow 
defect density (Ip/Ic~0.07) and extremely high carbon-to-oxygen ratio (~28). Remarkably, high yields (~98.4%, 1-10 layers) 
and record high production rates (~72.7 g h”!) are realized in up-scaled batch of DEE. Further mechanism investigation 
revealed that the exfoliation capability of the electric potentials was transmitted to the whole electrolyte system by a 
dynamically favorable pathway. This pathway includes electrochemical oxidation, intercalation and interlayer bubble 
generation reactions, which makes deep and non-destructive exfoliation possible for every dispersed graphite particle in a 
scalable and reproducible manner. This way of using electric potentials differs from existing electrochemical methods and 
guarantees high throughput as well as high quality. The strategy of delocalized electrochemical exfoliation and the 
underlying concept of chemically transmitting the electric potentials would accelerate the commercialization of graphene 
and inspire more efficient fabrication of two-dimensional materials. 
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1. Introduction 


Since the first report of the atomically thin sp? carbon layer in 2004!, graphene has been intensively 
investigated in the past 16 years and has proven itself a promising candidate in sensors,? energy storage 
devices? and composite materials,” etc. However, lacking highly efficient methods to fabricate high- 
quality graphene lags the coming of ‘graphene era’. To date, only two technological routes for graphene 
preparation, namely oxidative exfoliation and liquid exfoliation, can be successfully scaled up to several 
tons per year worldwide.*° Oxidative exfoliation brings one-atomic-layer graphene oxide (GO) with 
high yields. Oxidation contributes to deep exfoliation but also creates dense structural defects. These 
defects cannot be completely removed to restore the electronic properties of graphene even by harsh 
reduction processes. In contrast, liquid exfoliation of graphite allows direct fabrication of high-quality 
graphene with simple setups and low costs. However, forces externally applied on edges or surfaces fail 
to deeply exfoliate graphite flakes; post-screening required to extract the graphene greatly limits the 
efficiency and scalability. This is reflected by the recent statistical finding from Kauling et al. of 60 
commercially available graphene products worldwide, which are fabricated mainly through liquid 
exfoliation and all of which consist of more than 50% of graphite flakes. The challenge faced by mass 
production of high-quality graphene is to simultaneously ensure two desirable but seemly incompatible 
factors, namely structure integrity and exfoliation efficiency. 


A possible solution to balance crystal quality and efficiency is introducing non-destructive intercalation 
before exfoliation. Specific intercalants bring no/small structural defects and create interlayer gas- 
generation reactions that drive the exfoliation. However, conventional intercalation procedures such as 
intercalation of K, Bro, FeCls, Cr203," !º generally involve violent and/or toxic processes, which is 
undesirable for mass production. To the contrary, electrochemical exfoliation is considered as the most 
potential strategy for high-quality graphene fabrication in large quantities. In this strategy, electric 
potentials provide green and safe conditions required to induce the intercalation of charged species and 
generate interlayer bubbles for graphite exfoliation. Utilizing graphite as precursor and electrode(s), the 
research community have increased the yield and production rate of high-quality graphene to reasonably 
high levels (~75% and ~32.6 g h, respectively).!'!? However, the electric potentials induced 
exfoliation inherently depended on the electric contact between graphite precursor (compressed/bound 
into the electrodes) and power sources, localizing the electrochemical exfoliation to the electrode(s). 
Further improving the yield and efficiency is very difficult for existing electrochemical methods. 
Specifically, bubbles would inevitably fragment the graphite electrode at the same time of exfoliation. 
Consequently, many graphite particles would uncontrollably detach from the electrode, losing their 
electric contact before high-degree exfoliation and lowering the graphene yield.!º In addition to post- 
screening, frequent replacement of graphite electrodes or complex device structure is required to scale 
up the electrochemical exfoliation. Relying on electric potentials that can only trigger graphite 
exfoliation on the electrode(s), the existing electrochemical methods also cannot well address the 
quality-efficiency tension. Fabrication of high-quality graphene demands more efficient strategies 
allowing deep and non-destructive exfoliation of every graphite flake. 


Herein, we demonstrate a delocalized electrochemical exfoliation (DEE) method to exfoliate graphite 
flakes dispersed in the electrolyte into high-quality graphene sheets. By spatially extending the 
exfoliation capacity of electric potentials, deep and non-destructive exfoliation of graphite was firstly 
made possible everywhere in the bulk electrolyte. Outstanding structure integrity (Ip/Ig~0.07), almost 
100% yields (~98.4%, 1-10 layers) and large production rates (~72.7 g h™ on average in ten batches) 
were realized in up-scaled fabrication. The DEE-graphene was demonstrated particularly suitable for 
making high-performance strain sensors with excellent sensitivity and stability. Importantly, a 
dynamically favorable pathway involving chemical reactions between in-situ electrochemically 
generated species and graphite was validated to account for the transmission of the electric potentials 
and the highly efficient electrochemical exfoliation in bulk-phase electrolyte. Chemically transmitting 
the electric potentials to extend its exfoliation capability not only pave the way for massive production 


of high-quality graphene, but also provide new interpretation into electrochemical exfoliation that may 
inspire more efficient preparation of two-dimensional materials. 


2. Results and discussion 


Processes of the DEE. The exfoliation was performed in a two-electrode electrochemical system 
(Figure la) powered by a constant current (5 A). Specially, Pt foils were utilized as the electrodes and 
graphite flakes randomly dispersed in the electrolyte (concentrated sulfuric acid, H2SO4) as the graphene 
precursor. In a typical lab-scale batch (100 mg graphite in 100 mL H2SOg), the initial 30-minute 
electrochemical treatment led to the obvious color change of the graphite flakes from greyish black to 
blue (Figure 1b). The color change indicated the formation of stage 1 graphite intercalation compounds 
(GICs),'* which was further confirmed by the (002) peak shift (from 26.6° for graphite to 22.4° for the 
blue intermediate) in the X-ray diffraction (XRD)!° and the disappearance of the 2D band in the Raman 
spectrum (Figure S1).'° Following the color change, the volume of the graphite precursor gradually 
expanded and maximized at around 5 h with an expansion ratio of 65 (Figure S2 and S3), indicating the 
end of the graphite exfoliation. Thereafter, about 101 mg of purified powder (Figure 1b) was obtained 
after filtration, repeated rinse with water and complete desiccation. Finally, the powder was added into 
N,N-dimethylformamide (DMF) and bath-sonicated to prepare the dispersion (1 g L`’) (Figure 1b) used 
for characterizations. To scale up the electrochemical process, we designed an apparatus with a ring- 
shaped Pt anode surrounding a Pt cathode (Figure S4a and b). Using this apparatus, 330 g graphite in 6 
L H2SO, can be processed into 332.5 g expanded powder and ~332 L (1 g L`!) dispersion (Figure 1c) 
within about 4.5 h in a typical batch. The average production rate reaches 72.7+0.4 g h ! according to 
the statistical data from 10 batches of up-scaled fabrication. 


Characterizations of DEE-graphene. The morphology, thickness and lateral size of the as-prepared 
product were characterized using atomic force microscopy (AFM), high- resolution transmission 
electron microscopy (HRTEM), scanning electron microscopy (SEM), high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) and scanning tunneling microscopy 
(STM). HAADF-STEM image (Figure 2a) showed the formation of thin and partially overlapping sheets. 
Typical data of HRTEM, selected area electron diffraction (SAED) and AFM (Figure 2b, inset and 
Figure S5) jointly disclosed that two-dimensional and atomically thin sheets compose the product.!”:!8 
In most cases of sheet-by-sheet measurement, single- and few-layered sheets were frequently found in 
the samples (Figure 2b, inset and Figure S6). Further statistical analysis was carried out based on 
HRTEM images of 127 arbitrarily selected sheets. As presented in Figure 2b, the thickness distribution 
indicates a yield of ~99.2% (<10 atomic layers) and an average atomic layer count of 2.9. The lateral 
size of the individual sheet could be precisely determined from its SEM images (Figure 2c, inset and 
Figure S7). Statistical data of 126 sheets give an average of 5.2 um in lateral size and a dominant 
distribution (86.5%) in the range of 1-10 um (Figure 2c). These results clearly evidence the deep 
exfoliation of almost every dispersed graphite particles in the electrolyte into micrometer-sized 
graphene sheets, which can be termed as DEE-graphene. 


The structural integrity of the DEE-graphene was probed at the atomic level. In the isolated area (Figure 
2d), representative honeycomb lattice of well-organized graphene is observed with a hexagon width of 
2.43 A and a C-C bond length of 1.44 A (Figure 2e) close to the expected value (2.5 A and 1.42 A) of 
graphene.!? Whereas the overlapping area shows obvious Moiré fringes (Figure 2f) that can only appear 
where two individual graphene layers of high quality densely stack with a proper rotation.?º Also, the 
typical STM image (Figure 2g and inset) validates the intact crystal structure inherited from the graphite 
precursor. Raman spectroscopy provides more detailed parameters of the crystal structure. Compared 
with graphite, the symmetrical 2D band (2700 cm !) suggested the thinning of graphite sheets to several 
atomic layers through DEE.”! Moreover, uniform D band intensity (1350 cm‘) relative to G band (1580 
cm ')” together with a small average (~0.042) confirmed the low content of structure defects (Figure 
2h and Figure S8—10). The crystalline domain size (La) and defect density (np) were determined to be 
459.1 nm and 1.3x10!º cm, which is superior to that of graphene materials fabricated by other 
exfoliation means and even chemical vapor deposition (CVD) (Figure 2i, Note S1 and Table S1). 


Chemical composition was analyzed by X-ray photoelectron spectrometer (XPS) and Fourier 
transform infrared spectrometer (FT-IR). Approximately 3.3 at. % oxygen (O) is detected, slightly 
higher than the graphite precursor (2.4 at. %, O). The deconvoluted C Is spectrum indicates the 
formation of C-OH (285.6 eV) and C-O-C (286.6 eV) groups (Figure 2j and Figure S11a),”* instead of 
functionalities by deep oxidation (such as -COOH, -C=0). This is further confirmed by the characteristic 
absorption of C-O, C-OH and O-H bonds in the FT-IR spectrum (Figure S11b) of the DEE-graphene.*® 
Taken together, we can conclude that mild oxidation takes place during the DEE process, but it does 
not incur excessive structure defects and chemical composition change. 


Apart from the lab-scale DEE-graphene discussed above, we also characterized the product prepared 
through the up-scaled DEE to assess the scalability. Statistic data from HRTEM images indicate an 
average thickness of 3.2 atomic layers. Among the 61 detected sheets, ~98.4% are not thicker than 10 
atomic layers and 88.5% are not thicker than 5 atomic layers. In addition, the yields of graphene in 
various thickness ranges are inferior to the lab-scale DEE preparation but superior to most reported 
works (Figure 3a and Figure S12b). For lateral size, micro-sized sheets (~80% in 1-10 um range) still 
dominates and the average is almost the same as the lab-scale fabrication. (Figure S12c). Also, Raman 
and XPS data (Figure S12d-f) revealed chemical composition (3.4 at. % O) and crystal structure 
(Ip/Ig~0.07, np~2.1x10!° cm?) similar to that of the DEE-graphene obtained in lab-scale fabrication. 
The slight decrease of the yield (from 99.2% to 98.4%) and the defect density of the same order of 
magnitude demonstrates the feasibility of the up-scaled fabrication of high-quality graphene. 
Importantly, the production rate of the up-scaled DEE increased by 3635 times and reached a record 
high value (72.7 g h!) surpassing most reports claiming both outstanding scalability and high quality 
(Figure 3b, Table S2 and S3). Rationally designed electrodes should be responsible for the successful 
up-scaling as explained in the following mechanism analysis section. Larger scale preparation is 
expected by designing more suitable Pt electrodes. Apart from the advantages in scalability, yields, 
production rates and crystalline quality, it should be noted that DEE shows some other potentials 
compared with existing methods. Firstly, DEE is independent of any extra hazardous oxidant (i.e., 
potassium permanganate or perchloric acid) required by many chemical exfoliation methods*”*!, which 
enables DEE to combine the merits of both electrochemical methods (low costs and safe procedures) 
and chemical exfoliation (outstanding scalability). Secondly, DEE needs no frequent loading and 
unloading of the graphite electrode as required by existing electrochemical methods to scale up the 
production. Besides, the electrolyte could be facilely recycled since the whole electrochemical system 
did not involve any other chemicals except concentrated sulfuric acid (Note S2). The latter two points 
are expected to greatly lower the production costs. From these characterizations, we can conclude that 
DEE is a new strategy with clear advantages for the mass production of high-quality graphene. 


Mechanism of the DEE. The above characterizations clearly show that DEE enables deep and non- 
destructive exfoliation of the graphite randomly dispersed in the electrolyte. It is well-established that 
electric potentials can exfoliate graphite directly contacting with the electrode(s). So, the intermittent 
electric contact of dispersed graphite flakes with the electrodes may be responsible for the exfoliation 
at first thought. However, this possibility was ruled out by the control experiments. As presented in 
Figure S13a-i, the anode, cathode or both electrodes wrapped by Teflon mesh (300 mesh) for physically 
separating the electrodes and graphite flakes did not prevent the graphite exfoliation. Compared with 
the existing methods where exfoliation induced by electric potentials can occur only on the electrode(s), 
these results suggest successful delocalization of electrochemical exfoliation. So, there must be a new 
mechanism never reported before that delocalizes the electrochemical exfoliation and governs the 
process of DEE. 


To figure it out, we firstly studied the macroscopic phenomena and the corresponding microstructure 
evolution. During the 5-hour exfoliation, we observed an obvious color change and continuous bubble 
generation, indicating an exfoliation process composed of intercalation and bubbling exfoliation. 
Microscopically, the morphology continuously changed from a dense bulk to the exfoliated yet 
interconnecting network as revealed by the SEM (Figure 4a—h) and optical microscopy (OM) (Figure 
4i-p) images. Specially, the OM presents the evolution of the morphology and indicates the role of 
bubbles as the driving force in the structure evolution. Moreover, the monotonously decreased XRD full 


width at half maxima (XRD-FWHM, Figure 4q and Figure S14) and increased MB-based specific 
surface area (MB-SSA, Figure 4r, Figure S15 and Note S3) jointly and macroscopically confirm the 
uniform and gradual exfoliation of the dispersed graphite flakes in the electrolyte. A terminal MB-SSA 
of 829.4 m? g`! agrees well with the average atomic layer number (around 2.9) determined by the 
HRTEM statistics. It should be emphasized that the above characterization results are based on 
randomly sampled products from the exfoliation system being continuously agitated and homogenized. 
So, the DEE is a continuous and uniform process that take place in the whole electrolyte system. This 
is achieved in a system containing only electric potential and the electrolyte that cannot independently 
exfoliate the graphite. The electric potential across the Pt electrodes undoubtedly plays an important 
role. We then think it is the spatial extension of the exfoliation capacity of electric potential that results 
in the delocalized electrochemical exfoliation. 


How does the exfoliation capacity of electric potential be spatially extended? We proposed the 
conception of chemically transmitting the electric potential, trying to explain this new way of 
electrochemical exfoliation. This transmission was deduced to start by the electrochemical generation 
of some oxidants since the intercalation and exfoliation processes in DEE partially shares the 
phenomenon with the oxidant-based bubbling exfoliation. The formation of the oxidants is proved by 
the KI-Starch paper (KS) test (Note S4). As seen in Figure 5a, the KS papers turned blue upon the 
exposure to the electrolyzed H2SO4 and became darker blue with the elongated electrolysis time, 
indicating the generation and accumulation of some oxidative species during H2504, electrolysis. 
Furthermore, by respectively collecting the electrolyzed products from the two electrodes for the KS 
test, we found that the oxidative species was generated selectively near the anode (Figure S16a). These 
data indicated that the anodic oxidation of H2SO, or/and water (the only two components in the 
electrolytes) generated certain oxidants. Considering H2SO« being the dominating content (~98%) in 
the electrolyte, we suppose that H2S.Og originated from H2SOx electrolysis“ (Reaction 1) is the 
oxidant triggering graphite exfoliation. The formation of H2S20s is experimentally confirmed by the 
identification of ambient-stable Na2S20s in the NaOH-neutralized product of the electrolyzed H2S04. 
As shown in Figure 5b, XRD peaks around 19.5°, 26.8° and 27.9° correspond to the characteristic 
signals of Na2S2Og transformed from the unstable H2S20s (Note S5). 


With the presence of H2S20s, H2SO4 molecules intercalate into the graphite layered structure as a 
result of electronic oxidation and the accordingly reduced friction.º However, how does the exfoliation 
take place is ambiguous though bubbles are commonly deduced to expand the graphite in other 
works!!2 and are also observed during DEE. More specifically in the case of DEE, bubbles can 
originate from electrochemical reactions on the surfaces of both electrodes and the decomposition of 
the unstable H2S20s into O2. But these external bubbles are unlikely to directly exfoliate graphite in a 
high-efficient manner and are not energetically preferred to enter the graphite interlayers, aggregate and 
further expand. Therefore, it was unclear how bubbles drive the graphite exfoliation, which is also a 
long-unsolved problem for persulfate-based graphite exfoliation. For this problem, an unneglectable 
finding is the participation of graphite in the gas generation. The electrolyzed H2504 system containing 
H2S20s does not release visible bubbles at room temperature. However, the bubbles appear and become 
abundant upon the introduction of graphite as a result of the gas releasing primarily at the 
GIC/electrolyzed H2SO4 interface (Figure 5c, inset and Figure S17). The gas was proved to be O2 
(Figure S18) and the mean gas generation rate reached as high as 6.5 mL min”! when 100 mg of graphite 
flakes were introduced into 100 mL 5-hour electrolyzed H2SO0; (Figure 5c, Figure S16b-d and Note S6). 
Based on the above facts, we propose a pathway from H2S20s formation to the interlayer O2 generation 
in DEE. As schematically illustrated in Figure 5d, four steps are involved: (1) Continuous anodic 
oxidation of HSO4 (the dominating specie in H2SO4) to accumulate H2S20s in the bulk liquid; (2) 
H2S20s-derived HSO4' extracting electrons from graphite and inducing electronic oxidation of graphite 
to facilitate the intercalation of HSO4 into graphite; (3) Electronically oxidized graphite extracting 
electrons from the intercalated HSO4 to form HSO4' inside the graphite layers; (4) HSO4' radicals 
disproportionating to form Oz bubbles and drive the graphite exfoliation. 


In this pathway, HSO4' radicals forming in the bulk-phase of the electrolyte (out of layers), inside the 
graphite layers and their interlayer disproportionation were three key steps. Density functional theory 


(DFT) calculations validated this pathway as a dynamically favorable one by revealing the energy 
evolution and the barriers of the involved reactions. As presented in Figure 5e, the overall pathway is 
an exothermic reaction with an energy decrease of 12.91 eV and the rate-limiting step is the HSO4 
disproportionation. A small energy barrier (0.78 eV, Table S4) of homolytic H2S20s cleavage together 
with the electron spin resonance (ESR, Figure S19) and the liquid chromatography-mass spectra (LC- 
MS, Figure S20 and Note S7) of the electrolyzed H2SO, jointly confirm the easy formation of HSO% in 
the bulk electrolyte (Reaction 2). For the rate-limiting step, the energy barrier of HSO«’ 
disproportionation (Reaction 3-5) in the galleried (0.91 eV) is much smaller than that in bulk electrolyte 
(1.76 eV, Table S5 and Figure $21). This indicates the interlayer O2 generation was more dynamically 
favorable and also explains our experimental observation that the generation of bubble was slow in the 
electrolyzed H2SO0; but significantly accelerated upon the graphite introduction. Also, the simulation 
reveals that the increased chemical potential of HSO4' inside graphite layers is responsible for the 
decreased energy barrier of the interlayer disproportionation reactions. Therefore, besides bridging 
electron transfer, graphite also served as a catalyst for bubble generation (Reaction 3-5) through a spatial 
confinement effect (Figure S22). 


2H,80, 5 H,S,0, + H, 1 (at anode/electrolyte interface) 1 
H,S,03 > 2HSO; (in bulk-phase electrolyte) 2 
HSO; > SO; + °OH (inside graphite) 3 
2°OH > H,0 + O° (inside graphite) 4 
20° > 0, T (inside graphite) 5 


The pathway we made clear above well explain the delocalized exfoliation of graphite initiated by 
electric potential. On the other hand, the chemical reactions involved in this pathway are essentially 
driven by electrical potential: H2S2Og and HSO% radicals transfer the electric potential to the chemical 
potential required by exfoliation. So, it is the chemical pathway that transmits the electric potential to 
the whole electrolyte system from the perspective of substance change and electron transfer. After the 
transmission of electric potential, electrochemical exfoliation gets rid of the reliance on the direct 
graphite/electrode contact that restricts the existing electrochemical methods and makes the deep 
exfoliation possible for every single graphite particle dispersed in the electrolyte. And only in this way 
can the electrochemical exfoliation be delocalized and up-scaled by simply enlarging the active area of 
the Pt anode. So, chemically transmitting electric potentials endows the DEE with merits of both 
conventional electrochemical methods and the oxidant-based techniques to produce high-quality 
graphene with ultra-high efficiency and outstanding scalability. In addition, the bubbling exfoliation 
mechanism revealed here can be expanded to explain the oxidant-based exfoliation using different 
persulfates as exfoliation agents!****’, More importantly, chemically transmitting the electric potential 
is expected to inspire preparation of other two-dimensional materials in specific exfoliation systems and 
in an efficient manner. 


Properties of the DEE-graphene based strain sensors. Benefiting from the high crystalline quality, 
excellent conductivity (1.9x10° Sm”! on average) was detected in the layer-structured films assembled 
from the DEE-graphene (Figure S23a-c and Note S8). Generally, highly conductive graphene sheets 
are considered good candidates for high-performance strain sensors. To assess the potential of DEE- 
graphene as sensor material, we constructed conducting networks of DEE-graphene on the flexible 
substrate (Figure S24a). The resulting sensor shows significant variations in relative resistance upon 
stretching at small strains (0-7%, Figure 6a). Its sensitivity as reflected by gauge factors (GFs) (Figure 
6b) outperform most previously reported***’ counterparts in the same strain range (Table S6). The 
variations in relative resistance upon stretching to maximum strains of 1%, 3%, 5%, and 7% were 
measured to be 0.46, 2.13, 5.94, and 75.12, respectively (Figure 6c), and these results are in good 
agreement with those shown in Figure 6a, which indicates the excellent reliability of the sensor. The 
almost reversible stretching and releasing behavior (Figure S24b) further validates the repeatability of 
the sensor. Benefiting from the high sensitivity, the strain sensor can be implemented to detect extremely 
tiny strains of down to 0.05% (Figure 6d). The response of the sensor to quasi-transient step strain and 
to 6% strain at different frequencies (0.05-0.8 Hz) reveals a response time less than 100 ms, a recovery 


time about 500 ms (Figure 6e) and almost no frequency dependence (Figure 6f), which is the 
manifestation of excellent stability and rapid response rate. Further, the excellent cycling stability and 
repeatability at 6% strain as presented in Figure 6g indicate good applicability of the sensor in practical 
scenario. These properties allow the sensor to easily differentiate finger bending states with different 
bending angles (30º, 45º and 90º) (Figure S24c). 


3. Conclusion 


In summary, by chemically transmitting the electric potential, we firstly extend the exfoliation capability 
of electric potentials to the whole electrolyte system and achieve delocalization of the electrochemical 
exfoliation. The delocalized electrochemical exfoliation (DEE) made deep and non-destructive 
exfoliation possible for every graphite particle dispersed in the bulk-phase electrolyte. DEE-graphene 
with ultralow defect density (Ip/Ig~0.07) and extremely high carbon-to-oxygen ratio (-28) has been 
fabricated with an almost 100% yields (~98.4%, 1-10 layers) and record-breaking production rates 
(~72.7 gh”! on average in ten batches) under optimized conditions. This new way of using electrodes 
solves the quality-efficiency tension confronted by conventional methods. Also, the fabrication costs 
will be greatly lowered and safety be increased especially in bulk production because of the free of 
additional oxidant and the recyclable electrolyte (H2504). Importantly, a dynamically favorable 
pathway involving chemical reactions between in-situ electrochemically generated species and graphite 
was validated to account for the transmission of the electric potentials and the highly efficient 
electrochemical exfoliation in bulk-phase electrolyte. In addition, the revealed mechanism for interlayer 
bubble generation in the confined space provides new interpretation into the bubble exfoliation of 
graphite. The obtained high-quality DEE-graphene exhibited potential in fabricating highly sensitive 
and durable strain sensors. More importantly, the delocalized electrochemical strategy and the 
underlying concept of chemically extending the electric potential are expected to speed up the coming 
of the ‘graphene era’ and accelerate the scalable applications of other two-dimensional materials. 
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Figure 1. Processes and scalability of the DFE. (a) Schematic illustration of the DEE device. (b) 
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Figure 2. Morphology and chemical structure of the DEE-graphene. (a) The HAADF-STEM image 
of DEE-graphene (scale bar: 1 um). (b) HRTEM images and thickness histograms of the DEE- 
graphene (scale bar: 5 nm). (c) SEM image and lateral size histograms of the DEE-graphene sheet 
(scale bar: 2 um). (d, e) The filtered image (from the red rectangle in Figure 2a; scale bar: 1 nm) (d) 
and intensity analysis (along the red and blue line in Figure 2d) (e). (f) The HRTEM image and 
corresponding SAED pattern (from the blue rectangle in Figure 2a; scale bar: 2 nm, inset: 2 1/nm). 
(g) The STM image and locally magnified image of the DEE-graphene sheets (scale bar: 2 nm, inset: 
2 Å). (h) The Raman spectra of graphite and DEE-graphene. (i) Evolution of the np ratio versus the 
La of different types of graphene. (J) High-resolution C 1s spectra of graphite and DEE-graphene. 
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Figure 4. Morphology evolution from graphite precursor to the exfoliated products. (a-p) SEM and 
OM images of graphite (a, e, i, m), EG (b, f, j, n), EG3 (c, g, k, 0) and EGs (d, h, 1, p). The exfoliated 
products after different durations of electrochemical treatment are termed as EGx (X represents the 


treatment time) (scale bars in a—d: 400 um; e-h: 5 um; i-l: 200 um and m-p: 20 um.). (q, r) The 
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Figure 6. Properties of the DEE-graphene based strain sensors. (a) Relative resistance (AR/Ro) 
response as a function of applied strain (inset: photograph of the strain sensor). (b) GF of the strain 
sensor at different strains and GF in previously reported works. (c) AR/Ro response at different 
strains (1%, 3%, 5% and 7%, 0.5 Hz). (d, e) The testing limit (d), response time and recovery time 
of the sensor (e). (f) AR/Ro response at different frequencies under 6% strain. (g) AR/Ro over 8600 
cycles for 6% strain at 0.1 Hz (inset: the enlarged view of the records in the initial (left) and the last 
(right) 5 cycles). (LPEG: liquid-phase exfoliation graphene, EEG: electrochemical exfoliation 
graphene, GO: graphene oxide, LIG: laser-induced graphene, CVD-G: chemical vapor deposition 
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1. Experimental section 

(1) Instrumentation. 

A direct current (DC) electrochemical workstation (KEYSUGHT N5765A) was used as the power 
supply for the delocalized electrochemical exfoliation (DEE). Cooling water circulation machine 
(JULABO, F25) and magnetic stirring apparatus (IKA, C-MAG HS7) were used to control the 
temperature of the reaction system and disperse the graphite into the electrolyte. A bath sonicator 
(JP-040ST, 500W, 40KHz) was used to disperse the electrochemically treated products into DMF. 
High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) analyses for microstructure were 
carried out on JEOL GRAND ARM at an accelerating voltage of 80 kV. The filtered images and 
intensity analyses results were obtained with Gatan DigitalMicrograph software. Scanning electron 
microscopy (SEM) images were obtained by TESCAN MIRAS3. Atomic force microscopy (AFM) 
and scanning tunneling microscopy (STM) measurements were performed on Oxford Instruments 
Cypher S and STM measurements were performed in the constant current mode by applying a bias 
voltage to the sample. Raman spectra were obtained using RISE WITec with the laser wavelength 
of 532 nm. X-ray photoelectron spectroscopy (XPS) measurements were carried on Thermo 
Scientific Esca lab 250Xi. Fourier transform infrared spectroscopy (FT-IR) analyses were conducted 
on Nicolet IS10. UV-Vis absorbance spectra were obtained by Cary 100 to monitor the absorption 
process. Electron spin resonance (ESR) spectra were obtained using JEOL FA200. The gas 
chromatographic-mass spectra (GC-MS) were obtained using Thermo TSQ8000 Evo. The high- 
performance liquid chromatography-high resolution mass spectra (LC-MS) analyses were executed 
on Waters SQ Detector 2. Optical microscopy (OM) images were obtained using Caikon DCM 680C. 
X-ray diffraction (XRD) measurements were performed on Bruker D8 ADVANCE X-ray 
diffractometer with a monochromatic source of Cu Kal radiation at 1.6 kW (40 kV, 40 mA). A 
rotary evaporator (SHB-III) was used to evaporate water and extract solid products from the 
electrolyzed and neutralized H2SO4. A high-precision motorized linear stage (Wellknown, 
DZZXT300MA06-PC 130-1) was used to implement strain load to the strain sensors (displacement 
resolution of 2.5 um). 

(2) Materials 

Graphite flakes (300 mesh) were purchased from Qingdao Xinghe Graphite Co., Ltd.. HOPG was 
purchased from Jiangsu XFNANO Material Co., Ltd.. Concentrated sulfuric acid (H2SOa, 98%, AR), 
dimethyl sulfoxide (DMSO, >99.0%, AR), 5,5-dimethyl-1-pyrroline N-Oxide (DMPO, 97%), N,N- 
dimethylformamide (DMF, 99.5%, AR), methylene blue (MB, BS), polydimethylsiloxane (PDMS) 
and ammonia solution (NH4OH, 25%, AR) were purchased from Sinopharm Chemical Reagent Co., 
Ltd.. KI-Starch (KS) papers were purchased from Shanghai SSS reagent Co., Ltd.. The deionized 
water (DI water, resistivity ~18.2 MQ cm at 25°C) used in all experiments was made by a Millipore 
purification system (LD, Mighty-10). All raw materials and reagents were used without further 
purification. 

(3) Methods 

Preparation of high-quality graphene by DEE: Firstly, electrolyte solution containing 100 mL 
H2SOx4 and 100 mg graphite flakes (300 mesh) were mixed by magnetic stirring (300 r/min) in a 


glass reactor equipped with temperature-controlling water circulation (25 °C). Then, two Pt foils 
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(10 cmx1 cm) acting as electrodes were vertically inserted into the electrolyte solution (2 cm apart 
and 3 cm immersed) and applied with a constant current (DC, 5 A) to initiate the electrochemical 
treatment. Five hours later, the obtained reaction slurry was purified to get the powder (101 mg) 
after consecutive filtration using a filter (300 mesh), repeated rinsing with water until the pH of the 
filtrate became neutral, and complete drying in an oven (60 °C, 7 h). Finally, the powder was bath- 
sonicated (500 W, 25 °C, 10 min) in N,N-dimethylformamide (DMF) to obtain the dispersion of 
high-quality graphene (DEE-graphene). 

Up-scaled DEE for high-quality graphene fabrication: 330 g graphite flakes (300 mesh) and 6 L 
H2SO4 were mixed by a magnetic stirring (400 r/min) in a glass reactor (12 L) equipped with 
temperature-controlling water circulation (25 °C). The ring-shaped anode (80 cmx20 cm) centered 
by a flat cathode strip (20 cmx3 cm) were vertically inserted into the electrolyte solution (12 cm 
apart and 10 cm immersed). A current of 20 A (DC) was applied to conduct the up-scaled DEE. 
After about 4.5 h, the slurry was collected by a filter (300 mesh), repeated rinsing with water until 
the pH of the filtrate became neutral, and complete drying in an oven (60 °C, 7 h) to get the powder. 
And the uniform DEE-graphene dispersion can be obtained by bath sonication (500 W, 25 °C, 10 
min) of the powder in DMF. 

Fabrication of stain sensors: The strain sensors with planar geometry were fabricated by coating 
the flexible polydimethylsiloxane (PDMS) substrate with graphene sheets. An interfacial assembly 
technique was used to assemble high-quality graphene sheets into continuous graphene films. 
Specifically, 20 mL graphene dispersion (0.1 mg/mL in DMF) was dropped into a beaker (8 cm in 
diameter) containing 300 mL DI water. Benefiting from their hydrophobicity, graphene sheets 
assembly into interconnecting films at the water-air interface when the DMF as the solvent dissolves 
into the water. The area covered by graphene films became bigger with the increasing loading of 
graphene dispersion. Subsequently, the self-assembled graphene film floating on the liquid surface 
was transferred onto a PDMS substrate via dip coating (Figure S24a) and completely dried in an 
oven (50 °C, 24 h). Finally, both sides of the obtained graphene/PDMS strip were applied with 
conductive silver paint to form electrodes that can be connected by copper wires to the test 


workstation for performance assessment.! 
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2. Supporting data for the processes of DEE 
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Figure S1. Structure characterizations for the intermediate products of DEE showing the 
formation of 1-GIC. (a, b) The XRD patterns (a) and Raman spectra (b) of the intermediate 
products and graphite. 


202008.00083v1 


chinaXiv 


Figure S2. Color change of the bulk-phase electrolyte during DEE in different time. (a) 0 h; (b) 


0.2 h; (c) 0.5 h; (d) 5 h. 
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Figure S3. Volume expansion of the graphite during DEE. (a, b) Volume change of 1 g graphite 
after different durations of electrochemical treatment (a) and corresponding expansion ratios (b). (c) 
Photographs of HOPG strips before and after 2-hour DEE. 


The volume of the expanded graphite after 5-hour DEE is approximately 65 times that of its 
precursor graphite flakes (Figure S3a). Further increasing the electrolysis time resulted in no 
obvious increase of volume and expansion ratio (Figure S3b), from which we determined 5 hours 
to be the optimal duration of lab-scale DEE. HOPG as a big graphite block also undergone notable 
color change and volume expansion when put it in the electrochemical cell for 2 h, which visually 
shows the exfoliation effect of DEE (Figure S3c). It should be noted that directly stirring graphite 
flakes or HOPG in the electrolyte cannot initiate the color change or the volume expansion, which 


highlights the role of the applied DC bias for graphite exfoliation. 


Figure S4. Configuration of the electrodes for the up-scaled DEE and corresponding product. 
(a, b) Photographs of the ring-shaped anode (a) centered by a flat cathode strip (b). (c, d) 
Photographs showing the varying color of the bulk-phase electrolyte during up-scaled production, 
which is similar to the lab-scale case. (e, f) The SEM image (e) and locally magnified image (f) of 
the up-scaled DEE product. (Scale bar in e: 400 um and f: 5 um) 


Similar to the lab-scale preparation, both color change and volume expansion can be observed 
during the up-scaled DEE. The resulting powder has a similar morphology to that of the lab-scale 
preparation (Figure S4e and f). Volume expansion ratio after 4.5 h of electrochemical treatment is 
determined to be ~63, indicating a deep exfoliation of the graphite flakes in the bulk-phase during 


the up-scaled fabrication. 
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3. Supporting data for the characterizations of DEE -graphene 
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Figure S5. Characterizations showing the presence of single- and few-layer sheets in DEE- 
graphene. a-d, The SEAD diffraction patterns (a, c) and the diffracted intensity taken along the 
(1-210) to (-2110) axis (b, d). (Scale bars in a and c: 5 1/nm.). (e-h) Typical AFM images (e, g) 
and topological height profiles along the dotted line in Figure S5e and g (f, h). (Scale bars in e and 
g: 1 um) 


As shown in Figure S5a and b, the {1100} spots are more intense than the {2110} spots 
(141100:/(2110:=1.1), demonstrating the presence of single-layer graphene. In contrast, more intense 
{2110} spots than {1100} spots (I¢1100;/I;2110;=0.54) is observed as presented in Figure S5c and d, 


revealing the presence of few-layer graphene in the sample.” Besides, typical AFM images and 
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height profiles show sheets of 0.78 nm and 1.39 nm in thickness (Figure S5e-h), which also reveals 


the presence of single- and bi-layer the graphene. 


Figure S6. Typical HRTEM images of the DEE-graphene sheets at folded edges. (Scale bars in a— 


i: 5 nm) 
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Figure S7. Typical SEM images of DEE-graphene sheets. (Scale bars in a—i: 5 um) 
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Figure S8. Typical Raman spectra of graphite precursor (a) and the DEE-graphene (b). (Ip: the 
intensity of Raman D band; Ic: the intensity of Raman G band) 
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Figure S9. Raman data of DEE-graphene and graphite precursor. Histograms of Raman Ip/Ic 
of graphite (a) and DEE-graphene (b). Full width at half maximum of Raman G band (FWHMs) of 
graphite (c) and the DEE-graphene (d). (e) Raman 2D band of DEE-graphene and its Lorentzian fit. 
(e) Histograms of Raman FWHM» of DEE-graphene. 


The DEE-graphene has an Ip/Ic value close to that of the graphite precursor but smaller than the 
graphene prepared by other methods (Figure S9a, b, Table s2 and s3),? 13: 15-17, 20-22, 25-29, 31, 33-34 
which indicates the low defect density in the DEE-graphene. The FWHMs is sensitive to the 
structure disorder and generally increases with disorder.’ So, the close FWHMcg value of the DEE- 
graphene (20.9 cm!) to that of the graphite precursor (19.7 cm!) also revealed the preserved 
structure integrity during DEE in the bulk-phase (Figure S9c and d). It is well established that 
FWHM» value can be used as an indicator of graphene thickness. Generally, FWHMs»p range in 


28 


202008.00083v1 


chinaXiv 


30-45 cm”! for single-layer graphene, 45-60 cm’! for bi-layer graphene and 60-75 cm”! for tri- 
layer graphene. For DEE-graphene, a distribution of FWHMbp in the range from 30 to 80 cm”! 
(Figure S9e and f) and an average of 59.2 cm ! reveal the presence of single- and few-layer graphene 
in DEE product. 


a b 


D band [20 


Figure S10. Raman mapping analyses of the DEE-graphene. (a) The SEM image of the DEE- 
graphene sheet. The Raman mapping of Ip (b), Ic (c) and In/Ic (d) of the DEE-graphene. (Scale bars 
in a-d: 1 um) 


For a single DEE-graphene sheet, Raman mapping reveals small and uniformly distributing Ip/Ic 
values in the basal plane. Relatively large Ip/Ig values are found in the edge areas, which should be 
the main structure defects in the DEE-graphene (Figure S10b-d). 

Based on statistical average of Ip/Ic, FWHM2p and FWHMs, we can obtain the crystalline quality 
parameters of DEE-graphene and graphite precursor as presented in Table S1 according to the 
correlations described in Note S1. 

Table S1. Crystalline quality parameters of the DEE-graphene, graphite, CVD-G,° GO’ and 
rGo’ 


Materials Ip/Ig ree © La (nm) Lp (nm) np (102 cm ?) 
Graphite 0.022 19.7 867.91 69.02 0.0067 
CVD-G 0.080 21.1 240.34 10.89 0.024 

rGO 1.218 123.3 15.80 1.52 13.759 

GO 1.038 155.2 18.53 1.44 15.393 
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DEE-graphene 0.042 20.9 459.10 50.15 0.013 


CVD-G: graphene prepared by chemical vapor deposition 
rGO: reduced graphene oxide 
GO: graphene oxide 
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Figure S11. Chemical Structure of the DEE-graphene and the graphite precursor. (a, b) XPS 
survey spectra (a) and FT-IR spectra (b) of DEE-graphene and graphite. 


The DEE-graphene sheets show a carbon-to-oxygen ratio (C/O, Figure S11a) of 30, which is larger 
than most graphene prepared by other methods (Table S2 and S3).!5 776%. 34.35 This data, together 
with functional groups of low oxidation presence (C-O (1104.1 cm"), C-OH (1385.6 cm’), C=C 
(1626.6 cm!) and O-H (3435.6 cm"!)) revealed by the FT-IR spectrum (Figure S11b), indicate that 


the DEE processing does not generate excess structural defects. 
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Figure S12. Characterizations of the graphene prepared from the up-scaled DEE. (a-f) The 
HAADF-STEM image (a), typical HRTEM images and the number of layers histogram (b), typical 
SEM image and lateral size histogram (c), Raman spectra (d), XPS survey spectra (e) and High- 
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resolution C 1s spectra (f) of up-scaled DEE-graphene. (Scale bar in a: 500 nm; b: 5 nm and d: 5 
pm.) 
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1 Table S2. Comparison of DEE and other top-down methods on reaction conditions, production rates and the crystal quality of the corresponding graphene. 


Reaction condition 


Density of defects 


Production 


Intercalation step Exfoliation step Thickness ratio (np, 101º em?) rate (g h!) iea Ref. 
30.7 * 
7 Sonication in solution (sodium Average 1.1 nm NA 7 (Ib/Ic~0.93; FWHMc~26 0.018 # NA 9 
cholate), 1 h (1-2 layers) cm ') 

Grinding the mixture of expanded : 0.7* M v 

E graphite and oxalic acid, 12 h <10 layers RA (Ip/Ic~0.025; FWHMc~27 cm!) 0:33 ak 10 
Wet milling exfoliation with yttria 4 
s : : : a Average 2.7 nm 19.5-23.1 4 
- stabilized zirconia acting as grinding (2-3 layers) NA (In/Iq~0.6-0.7; FWHMG-19 cm) 1.5-2.5 NA 11 
media, 3 h 

High-speed laminar flow exfoliation 6.4* D 
- in nonionic surfactant Average tel layers NA (Ip/Ic~0.21; FWHMc~29 cm!) iad 18% E 

Shear exfoliation in surfactant 5.2% A 
- solution = Slayers Na (Ip/Ic~0.17; FWHMc~24 cm!) is 3% i 
- Sonicate in DMF/NBA solution, >2 h 33.5% 1-2 layers NA NA 9.5 NA 14 

CrO3+concentrated HCl a 
@ room temperature, H202 (30%) @room 70% 1-5 layers 28 0.6-2.7 * (Ip/Ic~0.02-0.09; FWHMo~25 cm") 0.027* 70% 15 
2h temperature, 24 h 
FeCls (gas) H202 (30%) 3.0 * nat 
(9380 °C, 24h @room temperature <2 nm (2-3 layers) NA (Ip/Ic~0.1; FWHMc~23 cm!) we NS an 
Concentrated H2SO4+Na2S20s Concentrated H2SO4+Na2S208 0.9 # 4 õ 
(25 °C, 10 min @80 °C, 30 min i layers NA (Ip/Ic~0.03; FWHMo~26 cm’) ao 20:8% Li 
H2SO4+(NHa)2S20s+oleum = ho 

@ room temperature, 3-4 h 10-35 nm (30-103 layers) NA NA NA 100% 18 
Concentrated H2SO4+Na2S20s @ room temperature, 3 h 10-20 nm (14—29 layers) NA NA 0.33% 100% 19 
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4.3 # 


1 1 1 1 er ei 1 1 0 - # 0 
Ionic liquid with microwave-assisted, 30 min 95% 1 layer 30 (Ip/Io~0.14; FWHMG-19 cm”) 0.023 93% 20 
Peroxyacetic acid (CHsCOOOH) and H2SOs binary-component system, 3.1% 4 Ro 
4h Average <5 layers NA (Ip/Ic~0.102; FWHMG-24 cm”) 0.025 100% 21 
; 4.6” 
i = a o 0 a e, # 60O, 
Ternary KCI-NaCl-ZnCh eutectic salt 350 °C, 10 h 75% 0.4-10 nm (1-20 layers) NA (Iv/Io~0.15; FWHMo~18 cm) 0.06 60% 22 
Grinding in the mixture of NaCl crystallites, oleum and TBA, >24 h 90% 1 layer NA NA 1.04x104* 100% 23 
NakK» and graphite mixt 2-150 nm 
@ room temperature with intermittent agitation (2-214 layers) NA nA ad NA e 
Average 2.9 layers es Lab-scale 
. si , a -1 E i 
DC 5 A, H2504 @ room temperature, 5 h (89.8% <5 layers: 21.3% 1 layer) 30 1.3 (Ip/Ic~0.042; FWHMc~20.9 em !) 0.02 oe DEE 
Average 3.2 layers ae Up-scaled 
A m ; da -1 A 7 
DC 20 A, H2SO4 @ room temperature, 4.5 h (88.5% <S layers: 19.7% 1 layer) 28 2.1 (Ip/Ic~0.07; FWHMc~31.0 cm!) qe ae DEE 


2 NA: Not applicable. 


3 * Estimated from the data provided in the references. 


4 
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5 Table S3. Comparison of DEE and other electrochemistry methods on reaction conditions, production rates and the crystal quality of the corresponding graphene. 


6 
Electrode i 
Electrolyte Thickness Lateral size o Density of defects (np, 10!º cm?) Productioi Yield Ref. 
Anode Cathode ratio rate (g h`) 
Graphite foil Pt Propylene carbonate + Li* <5 layers 1-2 um NA 3.0 * (Ip/Ic~0.1; FWHMc~29 cm!) NA >70% 25 
Graphite foil Pt ENO 52% 1-3 layers 5-10 nm 25.3 3.0 * (Ip/Ic~0.1; FWHMc~23 em”! ~15.1 “15% 26 
antioxidants 
Graphite foil Pt 0.1M H2SO4 80% 1-3 layers NA 12.3 12.6 * (Ip/Ic~0.4; FWHMc~27 cm!) NA >60% 27 
Graphite foil Pt 0.1M (NHa)2SO4 85% <3 layers 80% 5 um 17.2 12.7 * (Ip/Ic~0.41; FWHMc~29 cm") 32.6 >85% 28 
Graphite foil Graphite foil TBA: HSO4 75% 1-4 layers 5 um 212 4.9 * (Ip/Ic~0.16; FWHMc~31 cm”!) 20 80% 29 
Graphite rod Pt Oxalic acid solution 80% 4-8 nm (5-12 layers) NA NA NA NA 50% 30 
Graphite foil Pt Glycine+H2SO4 2-5 layers NA NA 23.1 * (Ip/I6-0.7; FWHMc~30 cm!) NA NA 31 
Graphite foil Pt Dilute H2SO4 2 layers NA NA NA NA 5-8 wt% 32 
Graphite foil Pt C204H2+H202 75% 3-5 layers 78.1% 2-6 um, NA 00.6 * (Ip/Ic~0.022; FWHMc~24 cm!) NA 27% 33 
. 0 0, 
@Piphite flakes | Graphite flakes | TPA ClO4* propylene 70% 1-3 layers 1-5 um 2137 | 2.1*(1n/16-0.071; FWHMc~19 cm’) 25 85 % (cathode) 48% | ay 
carbonate (anode) 
Graphite plate Graphite plate e 80% <3 layers 18 um 26.17 NA 1.5 25 wt% 35 
Average 2.9 layers Lab- 
(89.8% <5 layers; 21.3% | Average 5.2 um 30 1.3 (Ip/Ic~0.042; FWHMc~20.9 cm!) 0.02 99.2% (1-10 layers) scale 
1 layer) DEE 
Pi Pt Haso Average 3.2 layers Up- 
(88.5% <5 layers; 19.7% | Average 5.4 um 28 2.1 (Ip/Ic~0.07; FWHMc~31 em”) Wee 98.4% (1-10 layers) scaled 
1 layer) DEE 
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4. Supporting data for the mechanism analyses of DEE 
(1) Experimental data 


Wrapped 
electrodes 


cathode 


on 


rapped 
anode 


Figure S13. Electrochemical treatments with electrode wrapping. (a—c) Schematic illustration of wrapping 
both two electrodes (a), the corresponding low-magnification (b), and high-magnification (c) SEM images of 
EGs powder. (Scale bar in b: 400 um and c: 20 um) (d-f) Schematic illustration of wrapping cathode (d), the 
corresponding low-magnification (e), and high-magnification (f) SEM images of EGs powder. (Scale bar in e: 
400 um and f: 20 um) (g-i) Schematic illustration of wrapping anode (g), the corresponding low-magnification 
(h), and high- magnification (1) SEM images of EGs powder. (Scale bar in h: 400 um and i: 20 um) 


The morphology of the resulting EG powders indicates that wrapping anyone or both two electrode(s) does not 
inhibit the graphite exfoliation. EGs fabricated when wrapping one or two electrode(s) showed a similar 
morphology with the product in the unwrapping case (Figure S15b, c, e, f, h and i). Therefore, we conclude that 
graphite exfoliation in the bulk-phase is independent of the intermittent graphite-electrodes contact and is most 
likely to be caused by the electrolysis products. 
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Figure S14. Structure evolution of the graphite during DEE. (a) XRD patterns of graphite, EG, EG», EG3, 
EG; and EGs. (b) The magnified area in Figure S13a. 


The resulting expanded graphite products are termed as EGx, where x represents the duration of electrochemical 
treatment. Apart from the increasing FWHM as presented in the main text, the (002) reflection peaks in XRD 
patterns of the intermediate products during DEE showed significant blue shift (Figure S13a and b) from 26.6° 
(graphite precursor) to 25.8º (EGs). These data also indicate the structure disordering in the (002) direction as a 
result of increased interlayer spacing and graphite exfoliation during DEE.”° 
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Figure S15. Expansion process of the graphite during DEE. (a) Adsorption kinetic curves of EGi, EG3 and 
EGs. (b) Absorption isotherm curves of EG, EG3, and EGs. 


The volume expansion during DEE is obvious and changes over time during DEE. To quantitatively probe the 
exfoliation process, we measured the MB adsorption kinetic curves and adsorption isotherm curve (Langmuir 
adsorption model is employed here), !**º37 based on which the absorption rate, absorption capacity and MB-SSA 
of EGx can be confirmed (Note S3). As presented in Figure S14a, the absorption rate increases gradually from 
0.017 mg/h for EG; to 0.025 mg/h for EG; and to 0.05 mg/h for EGs. Absorption capacity and MB-SSA shows 
a similar change trend. EG; and EG3 have an absorption capacity of 155.5 mg/g and 225.5 mg/g, which 
corresponds to an MB-SSA of 380.6 m?/g and 552.1 m?/g, respectively. For EGs, the absorption capacity 
increased to 338.8 mg/g, which corresponds to an MB-SSA of 829.4 m?/g (Figure S14b). 
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Oh “01h 4h 


Figure S16. Properties of the electrolyzed H2SOx. (a) Setup of two-electrode system with separated electrodes 
to collect the electrolysis products forming near individual electrode after DC (5 A) application for 5 h. KS paper 
turned blue upon exposure to the electrolyte near the anode whereas no color change was observed for KS paper 
treated by the electrolyte near the cathode. (b) Schematic illustration of the setup for gas collection. (c, d) 
Photographs show the state of the electrolyzed H2SO4 during the gas collection before (c) and after (d) 
introduction of graphite flakes. 


The electrolyzed H2SOx does not produce obvious bubbles in the solution at room temperature even after up to 
24 h of stirring. However, upon graphite introduction, many bubbles generated and the graphite flakes gradually 
expanded afterwards, which is similar to the phenomenon observed during DEE. This similarity validated the 
electrolyzed H2SO., rather than the intermittent graphite-electrodes contact, should be responsible for the 
exfoliation of dispersing graphite during DEE. 


Figure S17. Bubbles appear at the interface of GIC and the electrolyzed H2504. (a) OM image of HOPG. 
(b-f) OM images captured at different times showing the HOPG immersed in the Electrolyzed H2SO0; and the 
bubbles appear at the interface of GIC and electrolyzed H2SO«. (Scale bars in a-f: 200 um) 
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Figure S18. Analyses of the gas generated during the DEE. (a, b) The collection and analysis of the gas 
generating during the DEE by passing the gas through aqua solution of BaCl (with HCl) and KMnO,, 
respectively. (c) The GC-MS signal of the collected exhaust after passing through the BaCl (with HCI) solution. 


White precipitate appears when the exhaust is introduced into in the mixture solution of HCI and BaCl; (Figure 
s17a) whereas no color change was observed when the exhaust is introduced into the KMnO; solution (Figure 
s17b). These observations suggest the formation of SO} during the DEE. The gas after passing through the BaCl2 
(with HCl) solution is collected by a bag and was further confirmed to be O2 by the GC-MS result (Figure s17c), 
which determines the generation of O2 and SO; as the gaseous products of the DEE. 
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Figure S19. ESR analysis of radical in electrolyzed H,5SO4. The ESR spectrum (black) and the simulated 
spectrum (red) of the electrolyzed H2SOa. (4: DMPO-SO4), [Temp]=25 °C, [Electrolyzed H2S04]= 4 mM, 
[DMPO]=50 mM. 
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Figure S20. LC-MS analysis of radical in electrolyzed H2SO4. The high-performance liquid chromatography- 
high resolution mass spectra (LC-MS) results of the electrolyzed H2SO.. 


Electron spin resonance (ESR) spectra and high-performance liquid chromatography-high resolution mass 
spectra (LC-MS) were used to validate the formation of HSO4'. DMPO-SO, has been identified in the mixture 
of the electrolyzed H2SO4 and DMPO by hyperfine splitting constant (AN=1.32, AH=0.95, A,iH=0.14, 
A,.H=0.08) in Figure S19.º This can be explained by the radical adduct reaction between DMPO and HSO; in 
the H2SOq (Reaction 1). The signals of M/Z=114, 130 and 209 in the LC-MS spectra of the mixture of DMPO 
and electrolyzed H2SO0; (Figure S20) can be ascribed to the protonated DMPO, DMPO-OH and DMPO-SOa, 
respectively, indicating the presence of HSO4'in the electrolyzed H2SO4. DMPO-OH in the LC-MS spectra may 
result from the nucleophilic substitution reaction between ‘OH and DMPO-SOu( Reaction 2).*º 


ZA crn — SO, + H* Reaction 1 
| | 
(©) O 
So + ‘OH ———»> OH ii s0, Reaction 2 
] | 
o o 


(2) Calculation details 

All the density functional theory (DFT) calculations were conducted using the Vienna Ab initio Simulation 
Package (VASP). The Perdew-Burke-Ernzerhof (PBE) functional was used with the plane-wave cut-off energy 
of 400 eV. All the gas molecules were calculated in a unit cell of 20x20x20 A? and the distance between the 
graphite layers was set to 4 A as determined experimentally for stage 1 GIC to describe the effect from graphite 
layer during the interlayer reactions. Structural optimizations were conducted with the convergence force smaller 
than 0.05 eV A |. All the transition states were searched using the climbing image nudged elastic band (NEB) 
method the convergence force smaller than 0.05 eV A’. Free energy corrections were applied in this work at 
the temperature of 298 K acting on all the energetic results. All the transitional, rotational and vibrational motions 
were considered in the free energy correction and the calculations were conducted using Gaussian software. 
Zero-point energy (AZPE), inner energy (AU), entropy part (-TAS) and total energy change (AE) were put 
together to give the reaction free energy change (AG), which could be written as (Equation | (Eq. 1)): 

AG=AE + AZPE + AU — TAS (Eq. 1) 

The energy evolution of H2S20s3 cleavage. 

Three pathways are possible for the H2S2Os cleavage including two heterolysis cleavages and one homolytic 
cleavage (P1, P2 and P3, as presented in Table S4). DFT calculations reveal the change of free energy (AG) and 
energy barrier (Ga) of every primitive reaction in each pathway. As shown in Table S4, the first step of Pl and 
P2 have much higher AG (1.23 eV and 6.31 eV, respectively) than P3 (-0.43 eV). Also, P3 has the smallest Ga 
(P1: 2.22 eV; P2: 6.31 eV and P3: 0.78 eV) among the three cleavage pathways at room temperature. Hence, 
homolytic cleavage is the most promising pathway. 

Table S4. Computed AG and G, of the H2S20s cleavage. 


Pathway Reaction AG (eV) G.(eV) 
H2S20g > HSO3'+HSOs' 1.23 2.22 
HSO3° > SO3+H' 3.71 - 
P1: heterolysis 
HSOs' + H’ > H2SOs —2.38 - 
cleavage 
H2SO; > HSO4+0OH 1.00 - 
HSO,’ > SO3+0H 1.20 1.76 


2°OH > H,0+0" —(0.49 0.28 

20° > On —5.74 0.17 

H-S,0s > HSO3 +HSOs 6.31 6.31 

HSO;3* > SO3+H* 3.18 - 

HSOs'+H* > H2SOs —1.23 - 
P2: heterolysis 

H2SOs5 > HSO4'+OH 1.00 - 
cleavage 

HSO4' > SO3+°OH 1.20 1.76 

2°OH > H,0+0" —0.49 0.28 

20° > 05 —5.74 0.17 
P3: homolytic 

H2S20g > 2HSO4 —0.43 0.78 
cleavage 


Table S5. Computed AG 
galleries. 


and G, of HSO,: disproportionation in bulk electrolyte and in the graphite 


Reaction site Reaction AG (eV) Ga(e V) 
HSO4' > SO3+°OH 1.20 1.76 
in bulk 
2'0H 5 H20+0' —0.49 0.28 
electrolyte 
20° 5 O2 —5.74 0.17 
HSO4'+GIC-HSO4 > GIC-HSO4'+HSO4 —6.64 0.00 
in graphite | GIC-HSO4' > GIC-SO3+GIC-“OH -1.17 0.91 
galleries 2GIC-"OH > GIC-H20+GIC-O° 0.10 0.37 
2GIC-O* > GIC-O2 —4.77 0.17 
a 24 1.33 
> | 0.78 er 1 ‘S wees L 0.45 
JT ol PACTS AY 0.77 en — =, 
S 9 0 s + ‘OH+SO, 0.29 \ 
=~ | Hso -0.43 0+H,0 N 
fab) 29248 HSO; \ 
c -24 1 
co) \ 
o | \ 
L -44 Vo, 
us| \ -5.46 
— 
-6 


Reaction coordinate 


Figure S21. The energy profile of H2S20g homolytic cleavage and HSO4: disproportionation in the bulk- 


phase electrolyte. 


For the homolytic cleavage pathway, the cleavage product is HSO4', whose presence in the bulk electrolyte has 
been confirmed by the experimental results. The formation of HSO4' inside the graphite layered structure is also 
possible since the electron transfer between the intercalated HSO4 and the electronically oxidized graphite layers 
(electron poor) require no extra energy input. Therefore, disproportionation of the generated HSO4' into O2 and 
SO3 can occur possibly in the bulk electrolyte and inside graphite structure. We calculate the related energy 
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changes and reaction barriers (Table S4). The results show that disproportionation inside the graphite layers is 
more dynamically favorable because of a smaller energy barrier (only about 50% of that in the bulk electrolyte). 
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Figure S22. The optimized molecular configurations of HSO% in bulk electrolyte and in the graphite 
galleries. (a) The S-O bond length of HSO% in the bulk electrolyte is 1.780 A. (b) The S-O bond length of HSO.’ 
in graphite galleries are 1.435, 1.461, 1.469 and 1.599 A. 


The HSOy' has shorter S-O bonds length in the graphite galleries (1.78 A for HSO,’ in bulk liquid; 1.435, 1.461, 
1.469 and 1.599 A for HSO% in graphite galleries) because of the confinement of graphene layers. This is also 
reflected in the configuration and lattice of HSO4' (the lattice constant of HSO4' changes from (20,20,20) for 
HSO4 in the bulk liquid to (9.84,9.84,20) for HSO4' in the graphite galleries) (Figure S22a and b). Also, it is 
calculated that the HSO% in the graphite galleries has higher chemical potential than that in the bulk liquid (3.13 
eV relative to the HSO4' in bulk-phase). This difference in chemical potential should be responsible for the 
significantly deceased energy barrier of HSO4' disproportionation inside the graphite structure. 

5. Supporting data for fabrication and characterizations of DEE-graphene based films and strain sensors. 


Figure S23. Morphology of DEE-graphene based film. Photographs (a, b) and side-view SEM image (c) of 
the graphene film. (Scale bar in c: 20 um) 
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Figure S24. Fabrication and performance of strain sensor. (a) Illustration for the preparation of DEE- 
graphene based sensors. (b) The stretch and release behavior of the sensor. (c) Using the sensor to monitor the 
real-time finger bending states. 


Table S6. Detection limit, cycling stability and response time of graphene-base sensors in different works. 


LPEG: liquid-phase exfoliation graphene 


Material Detection limit Cycling stability = Mime Ref. 
CVD-G 0.2% strain NA NA 40 
rGO NA 1000 cycles 20 41 
LPEG NA 4000 cycles NA 42 
LPEG 0.03% strain >8h NA 43 
CVD-G 0.015% strain NA NA 44 
GO NA NA NA 45 
EEG NA NA NA 1 
LIG 1% 20000 cycles NA 46 
LPEG NA NA NA 47 
LPEG NA 1000 cycles NA 48 
CVD-G 0.105% strain NA NA 49 
CVD-G NA NA NA 50 
rGO <0.1% strain 5000 cycles NA 51 
GN NA 400 cycles NA 32 
rGO 0.2% strain 10000 cycles <100 53 
CVD-G NA 1000 cycles 72 54 
DEE-graphene 0.05% strain >8600 cycles <100 Our work 


GN: graphene nanoplatelets 


6. Supporting notes 
Note S1. Raman analyses of the graphite precursor and DEE-graphene. 
Raman spectra were used to assess the structural integrity and defect density of precursor graphite and graphene. 
It is well established that the crystal quality parameters including the crystalline domain size (La), the distance 
between defects (Lp) and the density of defects (np) can be deduced from Raman spectra of graphite and 
graphene. La (Eq. 2):°° 

La = (2.4 x 10-19) x at x a (Eq. 2) 


where A (nm) is the wavelength of the Raman laser. 


The Lp can be evaluated from Raman Ip/Ig value using (Eq. 3): 
mre _mr4-2r8) 


pp be | (Eq3) 


(rã-2rê) 

where r, (1 nm) and r, (3.1 nm) are the radii of the ‘structurally disordered’ area and the ‘activated’ area around 
the ion-induced defects, respectively. The factor Ca (4.2) is defined by the electron-phonon matrix elements.” 
np can be evaluated by (Eq. 4):4 

np = 10'*/m14, (Eq. 4) 


Note S2. Recycling of H2SO.. 

After the DEE process, a filter (300 mesh for 300 mesh graphite precursor) was used to separate the residual 
H2SO, and the exfoliated product. Because H2SO4 was the only electrolyte and no impurity was introduced, the 
filtered H2SO0; could be recycled for the next round of fabrication. 


Note S3. The MB absorption measurement of the exfoliated products. 
The EG), EGs, and EGs after water washing were directly used for the tests without drying. 4 mg EG, EG3, and 
EGs were respectively added to 20 mL methylene blue aqueous solution (10 mg/L) and stirred for 24 h to ensure 
getting the absorption equilibrium. Afterwards, the solution was centrifuged at 8000 rpm to remove the 
exfoliated products in the solution and a 2 mL supernatant solution was obtained for UV-Vis spectroscopy 
analyses to monitor the absorption process. 
The adsorption isotherms were obtained by changing the initial MB concentrations. The absorption amounts (Qe) 
and the maximum adsorption capacity (Qm) of methylene blue in EG), EG3, and EGs were assessed by the 
following equation. Qe (Eq. 5):58 

Qe = (Co = Co)V/m (Eq. 5) 
Herein, Qe (mg/g) is the absorption amount of methylene blue at absorption equilibrium, Co (mg/L) is the initial 
concentration of methylene blue solution, Ce (mg/L) is the concentration of methylene blue when reaching the 
absorption equilibrium state, V (20 mL) is the volume of methylene blue used in each experience and m (4 mg) 
is the mass of EG powder. Qm (Eq. 6):°° 

Qe = QmbC./(1 + Ce) (Eq. 6) 
where b represents the equilibrium constant (in L mg/g). 


Note S4. The KS paper test of the electrolyzed H2SO4. 

Firstly, 0.5 mL samples (electrolyzed H2SO, after different time of electrochemistry treatment) taking out from 
the bulk electrolyte were respectively and slowly added to 10 mL DI water. Then the KS papers were respectively 
immersed into the above diluted solutions for 5 s. Afterwards, the papers were taken out for color observation. 


Note S5. The extraction and analysis of electrolysis products of H2SOx. 

Firstly, the electrolyzed H2SO4 was added into the NaOH solution (200 mL, 0.05g/mL) dropwise in a water bath 
at 5 °C until the solution approaches neutral (pH ~7). Then, the rotary evaporator was used to remove the water 
(at 40°C and 0.06 MPa) from the solution and extract the solid product. Finally, the obtained white solid was 
ground (>200 mesh) and then characterized using XRD to get the structure information. 


Note S6. The gas collection experiment. 

100 mL electrolyzed H2SO,4 was transferred into the beaker as schematically illustrated in Figure S18b-d. A 
magnetic stirring apparatus (300 r/min) and cooling water circulation machine were used to keep the temperature 
of the mixture at 25°C. We get the volume of the insoluble gas generated from the reaction mixture by recording 


the volumes of the drained water at different times. Under the same conditions, 100 mg graphite flakes were 
added into the electrolyzed H>SO4 and the volumes of the drained water at different times were recorded for 
comparison. 


Note S7. The LC-MS analysis of the electrolyzed H2SOx. 

1.0 pL electrolyzed H2SO4 was dissolved into 1.0 mL DMSO. 1.0 mL 5.0 mM DMPO in DMSO was added into 
the above solution and reacted for 1 min at room temperature. The obtained mixture was neutralized by NH4OH 
and then used for LC-MS analysis. 


Note S8. Fabrication of the graphene films. 

Firstly, a gel film was prepared by vacuum filtrating 50 mL DEE-graphene dispersion in DMF (0.1 mg/mL) onto 
a porous alumina membrane. Then, the gel film was dried in an oven at 50 ºC for 24 h. Then, the dried film was 
peeled off from the alumina membrane and put into a piston-cylinder apparatus for pressing (20 MPa, 2 min). A 
compact and free-standing film can be obtained after pressure relief and demolding (Figure S23a, b and c). 
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